Pitcher plants (Sarracenia purpurea L.) attract insects to pitchers and then capture them in fluid-filled, pitfall traps, but how efficient are pitcher plants at capturing prey in their natural environment? We monitored insect activity by videotaping pitchers and analyzing videotapes for several variables including identity of each visitor and outcome of each visit (e.g., departure or capture). Efficiency of capture (i.e., number of captures per number of visits) was low. Overall efficiency of capture was 0.83-0.93%, depending on whether potential prey were broadly or narrowly defined. Ants constituted 74% of the potential prey. Efficiency of capture of ants was even lower at 0.37%. Potential prey were more likely to visit pitchers with greater red venation and less water in the pitcher. There was no correlation between number of potential prey visiting a pitcher and pitcher age, length, or mouth width. Also, number of potential prey visits did not correlate with plant size, air temperature, time of day or date of videotaping. While the overall efficiency of prey capture was very low, pitcher plants may still benefit from the additional nutrients. However, the relationship between ants and S. purpurea remains an enigma, since it is unclear whether the plants capture enough ants to compensate for nectar lost to ants.
How good are pitcher plants at capturing insect prey? The pitcher of Sarracenia purpurea L. is a pitfall trap, described in detail by Juniper, Robins, and Joel (1989) . Nectar is produced by the pitcher, luring insects to the surface of the pitcher. Hairs on the hood presumably make it difficult for insects to walk, resulting in a loss of footing and a fall into the water-filled trap. The inside surface of the pitcher is covered with wax, which breaks away easily and prevents an insect from crawling out of the trap. The trap mechanism exhibits a variety of characteristics that are presumed to lead to the demise of any unlucky insect who arrives at the pitcher. But, is the trap as efficient as it appears? We determined the efficiency with which pitcher plants capture their prey in a natural environment.
Previous work on prey capture by pitcher plants has focused on listing the contents of pitchers (Edwards, 1875; Wray and Brimley, 1943; Cresswell, 1991) , describing the digestion process (Plummer and Kethley, 1964; Christensen, 1976; Higashi et al., 1993) , and investigating the behavior of the trap when pitcher density has been modified (Gibson, 1983; Cresswell, 1991) or when insects have been added (Wolfe, 1981; Gibson, 1991) . Gibson (1983 Gibson ( , 1991 found that pitchers capture a lower proportion of flying insects when traps are closer to the ground and that pitchers with a larger trap width are able to catch larger insects. For example, when Gibson (1991) placed insects of various sizes into pitchers of S. leucophylla, almost none were able to escape. He also measured insect capture rates (in number of insects captured/trap/individual plant/unit time) for several Sarracenia species (Gibson, 1983) .
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We focused on visitors to pitchers in a natural setting, describing not only what insects get captured by Sarracenia purpurea but also how many and what insects get away. The natural efficiency can then be calculated from the number of captures relative to the number of insects visiting the pitcher. While there is evidence that insects may visit the pitchers without being caught (Juniper, Robins, and Joel, 1989) , the natural efficiency has not been quantified. This approach allowed us to consider the potential costs and benefits of carnivory, given that attracting insects involves a cost in nectar production.
MATERIALS AND METHODS
Insect activity was monitored by videotaping 70 pitchers, each pitcher on a separate plant, located around the edge of Pakim Pond (2 ha) in the New Jersey pine barrens (ϳ39Њ 52Ј 30Љ latitude, 74Њ 32Ј 30Љ longitude, 33 m elevation). A super-VHS camcorder mounted on a tripod was focused on an individual pitcher. The camcorder was left in position and insect activity was filmed for 2 h, the length of one videotape. The camcorder was then moved to a different pitcher on a different plant. Cameras have been used to record a diversity of insect activity, including movement of queen ants (Evesham, 1985) , flight trajectories of moths (Riley, Smith, and Bettany, 1990) , and behavioral response of aphids to pesticides (Adams et al., 1990) ; and the camera itself does not appear to influence insect behavior. Human interference was minimal, limited generally to changing the battery in the camcorder once during the filming of each pitcher. Consequently, the insect behavior at the pitcher was natural and uninfluenced by a human observer. Videotaping sessions generally lasted 6-8 h each day for 3-4 d at six different times from May to August 1991. Videotaping was done between 0900 and 1900. The data include both seasonal and diurnal variability in insect activity. We could not assess nocturnal visitation at this time because we were unable to videotape in the dark.
Videotapes were analyzed for several variables, including identity of insect visitors. Since individuals were not marked the data represent number of visits, not the number of visitors. Duration (seconds) and location on the pitcher (i.e., aerial, outside surface of pitcher, hood, lip, or inside surface of pitcher) of each visit were recorded. The outcome (7336) 141 (211) 0-292 0-35 605 0-1272 of each visit was recorded as a departure, a capture, or fate unknown. The fate unknown category was used for insects that disappeared during a battery change or that were on the pitcher at the end of the videotape. Finally, insect activities were also recorded. Not all visitors are potential prey. For example, pitcher-plant mosquitoes (Wyeomyia smithii) are inquilines; they visit the pitcher to lay eggs inside the pitcher. Larval stages of the mosquito are inhabitants of the small, aquatic ecosystem inside the pitcher. Therefore, we analyzed the data in two ways.
In Analysis 1 we assumed that pitcher-plant mosquitoes are the only inquilines and all other visitors are potential prey. The reason for taking this approach is because mosquitoes are easily identified on videotape, whereas other inquilines are not so easily identified. This analysis maximized the number of potential prey and probably included some inquilines in the category of prey. (Data on mosquito visitation will be reported elsewhere. Since mosquitoes are not prey, these data are not relevant to the questions posed in this study.)
In Analysis 2 we expanded the category of inquilines to include pitcherplant mosquitoes, all midge-like insects, any insect seen to visit the surface of the water and leave (e.g., moth, black fly), and small, winged unknowns. This approach minimized the number of potential prey and probably included some potential prey in the category of inquilines.
We noted several characteristics of pitchers at the time of videotaping, including relative pitcher age (Fish and Hall, 1978) , pitcher length from base to lip, and width of the pitcher mouth. (Relative pitcher age is a classification of ages based on phyllotaxis of pitchers or leaves. A newly opened pitcher is relative age one. Higher numbers are consecutively assigned to successively older pitchers based on attachment of the pitcher to the stem.) We assigned a color rank to each pitcher (1 ϭ little to no red venation to 5 ϭ extensive red venation). Also, we estimated and assigned a rank to the amount of water in the pitcher (1 ϭ less than one-third full, 2 ϭ between one and two-thirds full, and 3 ϭ more than two-thirds full). Finally, we recorded number of pitchers per plant as a measure of plant size and air temperature near the pitcher. Kendall's coefficient of rank correlation () was computed for number of insect visits and each of the above measurements.
RESULTS
Insect visitation and capture-Sixty-nine out of 70 pitchers had insect visitors that were potential prey. Two pitchers had so many ants on them at one time that individual visits could not be quantified; these two pitchers were omitted from data analysis. Ants constituted 74% of the potential prey. Other visitors were flies, grasshoppers, bees, wasps, spiders, moths, beetles, and leafhoppers.
There were 44-46 prey visits per pitcher in a 2-h interval, on average, depending on whether the prey category was defined narrowly or broadly (Table 1 ). The number of visits by potential prey was highly variable from pitcher to pitcher; many pitchers received few visits and a few pitchers received a large number of visits. Because the data are skewed, median values and ranges are also reported (Table 1) .
Total visit time was calculated by summing visit durations for all visits at a pitcher. For example, if two insects were each present on a pitcher for 2 s, the total visit time would be 4 s. Total visit time was highly variable among pitchers (Table 1) . On average, total visit time per pitcher (i.e., per 2-h videotape) was over 5000 s, ϳ90 min. Total visit time for a pitcher was divided by the number of potential prey visiting that pitcher to calculate average visit time per prey per pitcher. An average visit by a potential prey ranged from 0 s to over 40 min, with a mean between 2 and 3 min ( Table 1 ). Prey that were actually captured visited the pitcher for an average of 8 min (N ϭ 27), ranging from 0 (a grasshopper who hopped into the pitcher) to 94 min (a tiny unknown who remained on the hood for an extended time).
Potential prey visited a variety of locations on the pitcher. Many different insects were seen feeding on nectar in all locations. In both analyses, 57% of visits were limited to the outside of the pitcher, while 43% of visits involved the insect moving on the hood, lip, or inside of the pitcher. In other words, less than half of the potential prey approached the trap closely enough to become a possible victim.
In Analysis 1, out of 3308 visits 27 resulted in capture, 3207 ended with the insect leaving the pitcher, and for 74 visits the fate of the insect was unknown. These data represent a capture efficiency of 0.83%. If only visits to the hood, lip, or inside are considered (1421 visits), the capture efficiency increases to 1.9%.
In Analysis 2, 27 out of 2967 visits resulted in capture, 2872 ended with the insect leaving the pitcher, and for 68 visits the fate of the insect was unknown. The capture efficiency is 0.93%. If only visits to the hood, lip, or inside are considered (1286 visits), the capture efficiency increases to 2.1%. Captured arthropods were: nine ants (Hymenoptera, Formicidae) (33%), seven unknowns (26%), four flies (Diptera) (15%), three beetles (Coleoptera) (11%), two grasshoppers (Orthoptera) (7%), one moth (Lepidoptera) (4%), and one spider (Arachnida, Araneida) (4%). Unknowns were unidentifiable because of small size and insufficient resolution in the videotape.
Ant visitation and capture-Sixty out of 70 pitchers had visiting ants. Ants were excessively abundant on two pitchers; for example, 17 ants were present on pitcher number 19 at the start of the videotape. In the remaining 68 pitchers, there was an average of 36 ant visits per pitcher ( Table 2) . As with the overall data on insect visits, ant visitation was highly variable among pitchers; and medians and ranges are reported (Table 2) .
Total visit time by ants averaged 76 min per pitcher [Vol. 85 AMERICAN JOURNAL OF BOTANY and was also highly variable among pitchers (Table 2) . Total visit time was divided by the number of ant visits for each pitcher to calculate average visit time per ant per pitcher. Individual ants remained on a pitcher an average of ϳ2 min (Table 2) .
Ants visited a variety of locations on the pitcher. Fiftyseven percent of ant visits were limited to the outside of the pitcher, while 43% of visits involved the ant moving on the hood, lip, or inside of the pitcher. Ants were commonly seen feeding on nectar in all of these locations.
Of 2470 visiting ants, nine ants were captured and 2405 ants left the pitcher without being captured. The fates of 56 ants were unknown. These data represent a capture efficiency for ants of 0.37%. Seven pitchers captured one ant each; one pitcher captured two ants. If visits are limited only to those in which ants were on the hood, lip, or inside of the pitcher (1069 visits), capture efficiency increases to 0.84%.
In addition, 18 ants fell into a pitcher and subsequently crawled out and departed. These were recorded as departures, not as captures. Pitchers in the videotapes appeared to be highly variable in the morphology of the hairs on the hood. Ants could negotiate the hairs on the hood with ease for most pitchers. However, two pitchers seemed to have hairs that were particularly difficult for the ants to grasp. Ants repeatedly fell into these pitchers. At the time of filming both of these pitchers contained no water. Ants had no difficulty in walking up and out of these pitchers after falling into them. Also, one ant was observed falling into a fluid-filled pitcher, swimming to the side of the pitcher, crawling out of the water, and subsequently leaving the pitcher.
Correlation with pitcher characteristics-More potential prey visited pitchers with a greater amount of red venation (Kendall's ϭ 0.1911, P ϭ 0.036). Also, more potential prey visited pitchers containing less water (Kendall's ϭ Ϫ0.2664, P ϭ 0.008). On average, the relative pitcher age was 1.7 (SD ϭ 0.86; N ϭ 70); in other words, most pitchers were recently opened. Pitcher size averaged 10.9 cm (SD ϭ 2.8; N ϭ 70) in length from base to lip and 2.4 cm (SD ϭ 0.65; N ϭ 70) in width of mouth. Number of visits by potential prey was not significantly correlated with relative pitcher age (Kendall's ϭ Ϫ0.078, P ϭ 0.417), width of the mouth of the pitcher (Kendall's ϭ 0.0063, P ϭ 0.941), or pitcher length (Kendall's ϭ 0.0254, P ϭ 0.769). Plant size averaged 4.6 pitchers per plant (SD ϭ 1.9, N ϭ 70). Also, number of visits was not significantly correlated with plant size (Kendall's ϭ Ϫ0.1391, P ϭ 0.116), air temperature around the pitcher (Kendall's ϭ 0.1162, P ϭ 0.171), time of day at which videotaping began (Kendall's ϭ 0.0541, P ϭ 0.518), or date of videotaping (Kendall's ϭ Ϫ0.0288, P ϭ 0.734).
DISCUSSION
In a natural environment pitcher plants are not efficient at capturing insect prey. Using the most conservative estimate of number of prey visits and counting only the visits to the lip, hood, or inside of the pitcher, the pitcher captured only 2.1% of the potential prey. This low efficiency of capture translates into a relatively low level of nutrient acquisition for the average pitcher. For example, if 68 pitchers were able to capture 27 prey in 136 h, each pitcher might expect to capture a prey item once every 15 d. A plant with five pitchers might be expected to capture one prey every 3 d. This is a capture rate of 0.070 prey·trap Ϫ1 ·24 h Ϫ1 , in the same order of magnitude as the capture rate calculated by Gibson (1983) for Sarracenia species with low trap height (such as S. purpurea).
This extrapolation does not consider the aging process of the pitcher; older pitchers are known to capture fewer prey (Fish and Hall, 1978; Wolfe, 1981) . Since the average age of pitchers in this study was 1.7, most pitchers should have been actively producing nectar and attracting insects. From age 1 to age 2 pitchers capture the most prey (Fish and Hall, 1978) . Consequently, the low efficiency of capture observed in this study was occurring at the peak of the pitchers' activity as predators. A pitcher plant would have several pitchers of various ages since the plant generally produces new pitchers throughout the growing season.
In spite of the low efficiency of capture, a plant with several pitchers might still capture enough prey over a growing season to benefit substantially from incoming nutrients. For example, Gibson (1983) demonstrated a positive correlation between new plant biomass, as well as seed biomass, and amount of insect prey biomass in four genera of carnivorous plants, including several species of Sarracenia. Also, Christensen (1976) demonstrated increased concentrations of N and P in leaf tissue of S. flava when insects were added. The nutritional significance of captured prey has also been demonstrated for species of Drosera and Pinguicula (e.g., Aldenius, Carlsson, and Karlsson, 1983; Thum, 1988 Thum, , 1989 Karlsson and Pate, 1992) .
Most pitcher characteristics did not have great impact on the number of insects visiting the pitcher. Red veins, however, produce nectar and are UV reflective; these nectaries have long been considered an important attractant (Lloyd, 1942; Juniper, Robins, and Joel, 1989; Cresswell, 1993) . As might be expected, pitchers with more red venation attracted more insects. The negative association between insect visits and amount of water in the pitcher is more difficult to explain. We hypothesize that a greater amount of rainwater washing into the pitcher may reduce the amount of nectar on the trap or volatile chemicals from the inner surface of the pitcher. The lack of correlation between number of visits by potential prey and pitcher age may be due simply to the young age and low variability in pitcher age in this study. While pitcher size affects the ability to capture prey (Gibson, 1991; Cresswell, 1993) , neither pitcher size nor plant size affected the number of visitors in our study. We conclude, therefore, that the apparency of the plant is not a function of size.
Ants were the most common visitors on pitcher plants, harvesting nectar from the plant. Perhaps as a function of their ubiquity, ants were also the single most common prey type. Yet, the pitcher's efficiency in capturing ants was less than half of its efficiency in capturing non-ants. On most of the pitchers ants were more able to move around the surface of the pitcher without losing their footing; thus, ants were better than other insects at escaping.
Ants are known to be close associates of other species of pitcher plants; Givnish (1989) described Sarracenia minor and Sarracenia rubra as myrmecophages, plants specialized in the consumption of ants. Joel (1988) and Givnish (1989) suggested that insects such as ants may have a mutualistic relationship with pitcher plants. The individual ant may benefit from harvesting nectar. As demonstrated in this study, visit times were sometimes long, and ants were generally feeding during most of the visit. How important this energy is to the colony, however, is unknown. Whether the benefit of energy from nectar outweighs the cost of loss of foragers to the trap is unknown. Foraging ants are usually the oldest ants in the colony and the least costly individuals to place at risk (Porter and Jorgensen, 1981) . The loss of a few individuals could be a minimal cost to the colony. Certainly, the potential for net benefit to the ant colony exists.
Potential benefit to the plant is less apparent. To complicate the situation, certain individual pitchers, which are better able to capture ants, may experience a net benefit, while other pitchers experience a net loss. For example, the two pitchers in this study on which ants were having trouble walking on the hood could have captured large numbers of ants if they had been filled with water. Perhaps only two out of 70 pitchers were capable of capturing enough ants to pay for the output in nectar. The matter is further complicated by the fact that each pitcher is part of a plant. If prey capture rates are highly variable among pitchers on one plant, the plant as a whole may experience net benefit because one or two pitchers were highly efficient predators.
While the potential for mutualism exists, another scenario is that ants are opportunistically using a resource in their environment and pitcher plants gain little or nothing from the relationship. The low proportion of ant visits ending in capture (0.37%) seems to indicate that the plants are paying a high price in nectar for very little return in captured prey. Since pitcher plant nectar contains amino acids (Dress et al., 1996) , a component of nectar known to attract ants (Lanza and Krauss, 1984; Lanza, 1988 Lanza, , 1991 , the plant may experience a net loss of nitrogen in its relationship with ants. The answer to the mutualism question lies in the balance of cost in nectar produced and benefit in prey captured by the whole plant.
In summary, S. purpurea plants are not efficient predators. Ants, the most frequent visitors, are especially good at escaping. It appears that the plants are paying a high price in nectar for little return in prey-supplied nutrients. Depending on what components are in the nectar (e.g., amino acids), the plants may or may not benefit from their interaction with ants.
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